INTRODUCTION
The Bereitschaftspotential (BP), or Readiness Potential, is a negative direct current potential shift recorded by electroencephalography from the cerebral cortex prior to the execution of uncued self-initiated motor acts. The Readiness Field is the equivalent magnetic field recorded by magnetoencephalography (MEG) (Kornhuber and Deecke, 1965; Deecke et al., 1982) .
The Readiness Potential and Field reveal cortical activity commencing as early as 1200 ms before the onset of muscle contraction, as shown by electromyography. The Readiness Potential has two phases, BP1 and BP2, coincident with fluctuations of the Readiness Field occurring in the interval between 1200 and 600 ms before the movement and in the interval between 200 ms before and the onset of the movement (Deecke, 1996) .
On the basis of the two readiness phases and corresponding approximate source locations, Deecke claimed that Readiness Potentials originate in the supplementary motor areas (SMA) of both hemispheres from which they pass to the premotor area (Deecke, 1996; Ikeda et al., 1997) . Two questions arise from this claim: (1) do the Readiness Potential and Field have bilateral origins and (2) are the supplementary motor areas in fact the primary sources of the activity?
Recordings of the Readiness Potential and Field have not yet had the spatial resolution necessary to settle the issue of bilaterality with sufficient certainty (Deecke, 1996) . Concerning the second question, evidence in the literature suggests that regions of the left prefrontal cortex, notably Brodmann areas 8B and 9, subserve initiative and decisiveness in primates, human as well as nonhuman (Nauta, 1971; Milner, 1974; Eccles, 1982 Eccles, , 1990 .
Both the recording of just two phases of the Readiness Potential and Field and Deecke's claim are at variance with Kornhuber's hypothesis that three cognitive events underlie volitional motor acts (Deecke and Kornhuber, 1978; Deecke et al., 1985) . According to his hypothesis, the first volitional event is the cognitive choice of the type of movement to enact. This event has its anatomical locus in the fronto-orbital cortex. As discussed by Deecke (1996) , Kornhuber's speculation requires that the previously reported readiness phases must be shown to reflect activity associated with subsequent cognitive events, for this hypothesis to be confirmed. As a consequence, the assignment of the previously identified anatomical loci to the second and the third events of readiness raises doubt about the anatomical locus of the first of these events.
Pathological and experimental findings indicate that a source of the primary cognitive event may be located in the fronto-orbital cortex (Nauta, 1971; Milner, 1974; Eccles, 1982 Eccles, , 1990 . We reasoned that the source of an earlier phase of the Readiness Potential and Field remained unrecorded in previous MEG measurements because of the single dipole fit algorithm and magnetic field contour mapping used in these measurements (Deecke et al., 1983) .
We predicted that an early phase of activity originates in the fronto-orbital area and that its source is active prior to activation of sources in the SMA and premotor areas. If such a source exists, we predicted that it could be identified by applying a multiple source algorithm such as the Multiple Signal Classification (MUSIC) algorithm to the MEG data (Mosher et al., 1992) . The precise location of the source can be found only by high-resolution functional brain mapping, such as positron emission tomography (PET).
Previous recordings of the Readiness Potential indicating bilateral activity of the SMA of the two hemispheres, with somewhat greater activity originating in the hemisphere subserving the movement, are difficult to explain without postulating a link between the two SMAs across the callosal body. Such a link would imply bilateral representation of the cognitive activity leading to volitional acts. We predicted that bilateral sites in both the fronto-orbital cortices and the SMA are active during the coincident phases of the Readiness Field.
The present study was designed to test the predicted location and activation of sources involved in selfinitiated voluntary movements, specifically that frontoorbital areas are active before sources in the SMA and that activity in these sources jointly underlies the Readiness Field. To locate sources with sufficient temporal and spatial resolution, we identified the phases of the Readiness Field by means of MEG and mapped the active brain regions by PET.
METHODS
The study protocol was approved by the official Aarhus County Research Ethics Committee in accordance with the Helsinki Declaration II. Four healthy volunteers, ages 21-58 years, were recruited for MEG. Of these, two (C and D) did not yield MEG results of a sufficiently high signal-to-noise ratio to test the predictions. The remaining volunteers, ages 58 (A) and 52 (B) years, also underwent brain mapping with PET. A single-subject PET analysis method was used to eliminate interindividual anatomical variation.
MEG
In all subjects, the Readiness Field was recorded during voluntary uncued movements of the right index finger. With a sampling frequency of 500 Hz, the MEG signals were recorded digitally from 35 channel positions distributed evenly over the left frontal and parietal cortices, using a 7-channel SQUID gradiometer (BTi, San Diego) in an unshielded environment. With the 7-channel system, 5 cryostat positions were needed to record signals from 35 coil positions. In principle, signals recorded from different cryostat positions represent variance. However, ''biological'' noise, in the form of spontaneously arising MEG signals recorded at different cryostat positions, is random. This prevents the MUSIC algorithm from locating sources of spontaneous activity. To improve the signal-to-noise ratio, signals were averaged over 200 epochs, each lasting 2.5 s.
Because electromyography (EMG) recordings were not acquired because of the unshielded environment, the subjects triggered a nonmagnetic pressure transducer with the right index finger by pressing a rubber ball. The signal from the transducer triggered the data acquisition and was used as a time reference for the data. Epochs of 2.5 s were recorded from 1 s before to 1.5 s after the trigger time. Although the finger movements were voluntary, the subjects were asked to maintain minimum time intervals of 10 s.
The signals were high-pass filtered, using secondorder hardware filters with a low-frequency cut-off at 0.3 Hz, corresponding to a time constant of approximately 1 s. The high-pass filters were active continuously, irrespective of the data collection. This filtering was essential to avoid overload of the data collection system due to an arbitrary DC offset in the SQUID output and a slow drift due to external magnetic fields. It is an important consequence that the output from the filters, averaged over a few time constants, is zero.
Initial measurements revealed detectable activity until about 5 s after the rubber ball was pressed. With a time interval between movements of no less than 10 s, five or more time constant cycles were available for the high-pass filters to settle, forming a zero baseline for the recording of the subsequent movement. High-pass filters, implemented in hardware, have the property of causality, as discussed below. Consequently, the baseline preceding a recording will remain unaffected by the recorded signal.
The source localization based on MEG measurements is affected by cryostat positioning accuracy and the signal-to-noise ratio of the recordings. The MEG coordinate system was determined by the left and right preauricular points and the nasion. The plane determined by the fix points, together with an axis perpendicular to the plane, defined the coordinate system within which centers of magnetically active sites were located with the MUSIC algorithm. When signals represent contributions from several simultaneously active sources at fixed positions, the MUSIC algorithm finds the number of sources and their positions. The method is based on spatiotemporal correlation. The MUSIC algorithm was applied to the data in time windows of 100 ms. The intervals were shifted successively in steps of 50 ms through the range Ϫ900 to 100 ms relative to the finger movement.
For each cryostat position, coil positions were recorded using a probe position indicator (PPI) system. Based on experience, the reproducibility in defining the origin of the SQUID coordinate system relative to the skull is about 5-10 mm. In order to estimate the accuracy provided by the MUSIC algorithm, several sets of data were calculated from sources of varying position and intensity. The simulated data were superimposed with noise from the baseline in the actual experiments.
For strong sources, the true position was found by the MUSIC algorithm as expected. For sources producing a global field value equal to twice the noise floor, the position determined by the MUSIC algorithm typically was shifted 10 mm relative to the true position. To further improve the signal-to-noise ratio, the signals were filtered, using a digital low-pass filter with a high-frequency cut-off at 30 Hz. Great care was exercised to select a filter because filtering will distort the signals to some extent. A physically realizable system such as a hardware filter has the basic property of causality, which means that the system does not respond before a stimulus has occurred and thus leaves the baseline before a pulse completely unchanged although the pulse will be delayed. In contrast, digital filters based on fast Fourier transforms are noncausal and affect the baseline before a pulse, but the pulse will not be shifted in time.
To leave the weak signals from the Readiness Field unaffected by the large signals immediately following from the motor area, a causal low-pass filter was used in the present data analysis. The filter was implemented as a simulation of a second-order hardware filter. Limiting the bandwidth to 30 Hz decreased the time resolution to approximately 10 ms. Taking the detection of pressing the rubber ball into account, the overall time resolution was estimated to be 15 ms.
PET
The activity-dependent change of the blood-flowlimited accumulation of 15 O-labeled water in circumscribed regions of the brain was mapped by PET in both subjects A and B, using a Siemens/CTI ECAT Exact HR47 PET camera in 3D mode. After antecubital iv injection in a 5-ml saline bolus, eight and six circulations of 500 MBq [ 15 O]water were detected in subjects A and B, respectively.
The eight sessions of subject A included four baselines with no finger movement and four with voluntary uncued movements as described above. In subject B, the six sessions consisted of three baseline and three voluntary uncued movement sessions. Images were reconstructed with measured attenuation and scatter correction and a Hann filter (cut-off 0.15 cycles/s), resulting in 12-mm resolution FWHM isotropic. A 3D T 1 -weighted MR image of the brain was acquired with a 1-T Signa (GE) MR scanner (3D-FAST-SPGR sequence, 124 transaxial 1.5-mm slices, TE ϭ 4 ms, TR ϭ 24 ms) in subject A and with a 1.5-T Gyroscan (Phillips) (Fast-Field Echo sequence, 64 2-mm sagittal slices, TE ϭ 21.6 ms, TR ϭ 41.7 ms) in subject B. Fish oil capsules placed at the nasion and left and right preauricular points provided a reference to the MEG coordinate system.
For each subject, a single PET image was coregistered (Collins et al., 1994) to the MR image and to the standard coordinate system of Talairach and Tournoux (1988) . The remaining PET images were realigned (Woods et al., 1992) to compensate for movement of the subject between the PET sessions. The baseline maps were subtracted from finger movement maps after normalization to the intracranial average voxel radioactivity. A map of the t statistic of the difference map was calculated using the pooled standard deviation of all intracranial difference voxels, assuming a Gaussian distribution with zero mean (Worsley et al., 1992) . When gray matter (500 ml) is searched, a t statistic of 4.3 or more signifies a probability of random difference of 0.05 or less corrected for multiple comparisons. The fish oil voxel coordinates served to transform the MEG coordinates to the Talairach and Tournoux coordinates (Talairach and Tournoux, 1988) .
RESULTS
For subject A, a MEG signal above the noise level was detected as early as 900 ms before onset of the finger movement, as seen in Fig. 1 . For subject B, no MEG signal above noise level was detected until 700 ms before the onset of movement. For both subjects, the source localizations of the magnetic field revealed four sources in the left frontal and parietal cortices. The sources were successively active from approximately 900 ms before, until 100 ms after, the onset of motor activity, at which point the MEG source localization was stopped. The two remaining subjects (C and D) did not yield sufficient signal-to-noise ratios until 300 ms prior to movement to allow localization of the underlying sources.
The first source to be active in subjects A and B was a frontal source active from 900 to 200 ms prior to the onset of movement. The average location of this source for the two subjects found by MEG and PET was Brodmann area 9 (x, y, z) ϭ (Ϫ33, 41, 22), as seen in Table 1 . In the PET map of subject B, shown in Fig. 3 , a focus of increased blood flow was identified in Brodmann area 10 of the left middle frontal gyrus, coincident with the first MEG source within the spatial resolution of both methods, as shown in Table 1 . Approximately the same location, Brodmann area 9, was found with both MEG and PET in subject A (Fig. 2 and Table 1 ).
The second source localized by the MEG recordings was active in the interval from 300 to 100 ms prior to muscle activity. In all four subjects MEG identified the location to be the SMA. This location was confirmed by PET in subjects A and B, as listed in Table 1 . The PET maps did not reveal evidence of bilateral activity of the SMA in either of the scanned subjects, as seen in Figs. 2 and 3.
The third source was active in the premotor cortex in the interval from 100 ms prior to the movement until the moment of the onset of the movement. The premotor source was identified by MEG in all four subjects and confirmed in the PET studies of subject A. Activity in this source was followed immediately in time by activity in the fourth source, the M1, active for approximately 100 ms after the onset of the finger movement. The source localization of the MEG data ended 100 ms after the movement, as later activity would be of no interest to the postulated hypotheses. The premotor and M1 site sources located by MEG could be seen as separate in the PET map of subject A, as seen in Fig. 2 , but not in the map of subject B, as seen in Fig. 3 .
DISCUSSION
The vector distance between the MEG sources and the PET foci was found to vary between 7 and 19 mm in the two subjects, with an average of 13 mm for all identified sites, as listed in Table 1 . This variation is in agreement with a previous study assessing the coregistration of MEG and PET data (Walter et al., 1992) .
The results were consistent with the first of the predictions. A region in the fronto-orbital cortex, Brodmann area 9, was found to be the source of the initial phase of activity of the Readiness Field. The existence of a source active before that of the SMA revealed a phase of the Readiness Field which has not previously been reported. This source was identified by MEG and PET and corresponds to the first of the three phases of the Readiness Field postulated by Kornhuber. Of course, the frontal source could have been active at times earlier than revealed here, in agreement with the onset of the first phase of the Bereitschaftspotential. However, the MEG measurements did not provide a suffi- Ϫ300 to Ϫ100 Ϫ9, Ϫ9, 57
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FIG. 2.
The four sources located with MEG and PET superimposed on sagittal and axial slices of the MR image of subject A in the Talairach and Tournoux coordinate system. The time distribution for the sources is listed in Table 1 . The slices shown are cut through the center of the MEG source. The coordinates indicated on the figure are Talairach and Tournoux coordinates (see Table 1 ).
FIG. 3.
The four sources located with MEG and PET superimposed on coronal and sagittal slices of the MR image of subject B in the Talairach and Tournoux coordinate system. The time distribution for the sources is listed in Table 1 . The slices shown are cut through the center of the MEG source. The coordinates indicated on the figure are Talairach and Tournoux coordinates (Table 1) . cient signal-to-noise discrimination to justify source localization for time intervals earlier than 900 ms before the movement.
The second prediction was rejected by the measurements. The PET maps of subjects A and B gave no evidence of bilateral activity, for neither the prefrontal nor the SMA source, and the MEG data could not validate the bilateral activity because they were recorded contralaterally only over the left hemisphere.
Although a better spatial agreement between the MEG and PET sites found can be achieved by improving the coregistration of the MEG data with the MRI, the study confirmed the advantage of combining different methods to gain the ability to acquire both temporal and spatial information of the neuronal activation process.
